Irreversible anoxic injury is dependent on ex tracellular Ca2+ in mammalian CNS white matter, with a large portion of the pathologic Ca2 + influx occurring through reverse N a + -Ca2 + exchange, stimulated by in creased intracellular [Na +]. This Na + leak likely occurs via incompletely inactivated voltage-gated Na + channels. This study reports that clinically used antiarrhythmic compounds, likely by virtue of their Na + channel blocking properties, significantly protect CNS white mat ter from anoxia at concentrations that cause little sup pression of the pre anoxic response. Rat optic nerves were pretreated with various agents for 60 min, then subjected to 60 min of anoxia in vitro. Functional recovery was measured electrophysiologically as the area under the compound action potential (CAP). Without drug, the CAP areas recovered to a mean of 32 ± 12% of control Abbreviations used: CAP, compound action potential; EI, ef ficacy index.
Stroke causes irreversible injury to CNS tissue, and the resulting infarct commonly affects both gray and white matter regions. Lacunar infarcts fre quently damage subcortical white matter tracts and can result in significant morbidity (Mohr, 1986) . In jury to white matter tracts in other disorders such as traumatic spinal cord injury may occur in large part on a vascular basis (Young, 1987) . Although many studies have been directed at elucidating the mech anisms of anoxic/ischemic injury in gray matter, much less is known about how these processes damage the vital myelinated tracts of the brain and spinal cord. Although Ca2+ influx seems to be a common feature of both gray and white matter in-after 1 h of reoxygenation. Recoveries using prajmaline 10 fLM were 82 ± 15% (p < 0.000l), and using tocainide 1 mM, 78 ± 8% (p < 0.0001), with little suppression (>S1O%) of the pr�anoxic response. Ajmaline (10--100 fLM), disopyramide (10--300 fLM) and bupivacaine (10--100 fLM) were somewhat less effective, whereas verapamil produced 52 ± 11 % recovery before reduction of the pre anoxic CAP was observed at 30 fLM. Procainamide (100--300 fLM) was ineffective. These results suggest that Na + channel blockers, including commonly used antiarrhyth mic agents, may be effective in protecting central white matter, which is a target for anoxic/ischemic injury in diseases such as stroke and spinal cord injury. Key Words: Axon-Sodium channel-Sodium-calcium ex changer-Local anesthetic. jury, the mechanisms by which this ion crosses the cell membrane appear to differ significantly in these two tissues. Central myelinated axons are devoid of glutamate-gated and voltage-activated Ca2 + chan nels, at least in densities required to mediate dam aging Ca2 + influx during anoxia/ischemia (Ransom et aI., 1990; Stys et aI., 1990a) . Most of the damag ing flux is instead mediated by the Na+ -Ca2+ ex changer, recruited to operate in reverse (Ca2+ im port mode) by membrane depolarization and Na + influx into the axoplasm during the anoxic chal lenge. The majority of Na + influx occurs via volt age-gated Na + channels, and pharmacologic block ade of these channels, with tetrodotoxin during an oxia offers marked protection of white matter (Stys et aI., 1992b) . Experiments with "use-dependent" Na + blockers, such as tertiary and quaternary local anesthetics (e.g., lidocaine, procaine, QX-314), showed that these agents are markedly protective at concentrations that, unlike tetrodotoxin, do not block the preanoxic compound action potential (CAP).
The purpose of this report is to examine whether antiarrhythmic drugs, possessing use-dependent Na + channel-blocking properties, are protective against white matter anoxic damage. The results show that antiarrhythmics are very effective in the in vitro rat optic nerve model of white matter an oxia, at concentrations that do not block action po tentials. Many of these agents are used clinically and are well tolerated after systemic administration, suggesting that this class of drugs may be useful for protecting CNS white matter against anoxia/ ischemia.
METHODS
Anoxic injury was studied in vitro using the rat optic nerve, a tract composed of myelinated axons and glial cells (Foster et aI., 1982) , which is a reliable model of CNS white matter anoxic injury (Davis and Ransom, 1987; Stys et aI., 1990b) . Adult (50-70 days old) Long Evans rats were anesthetized with 80% CO2/20% O2 and decapitated. The optic nerves were rapidly dissected free and placed in a recording chamber (Medical Systems Corp., Greenvale, NY, U.S.A.), perfused at 37 ± 0.2°C with artificial CSF (composition in mM: NaCI 126, KCl 3.0, MgS04 2.0, NaHC03 26, NaH2P04 1.25, CaCl2 2.0, dextrose 10; pH = 7.4), and aerated with 95% O2/5% CO2, Nerves were allowed to equilibrate for 60-90 min before control readings were begun. Functional integrity was measured electrophysiologically using suction elec trodes. Nerves were stimulated with supramaximal con stant voltage square wave pulses at one end, and propa gated CAPs were recorded from the opposite end of each nerve (Stys et aI., 1991) . The responses were digitized, stored, and analyzed on a microcomputer (Apple Macin tosh Quadra 700) using custom software (Stys, 1994) . The computed area under the CAP, corrected for electrode resistance changes and stimulus artifact, was used as the most reliable measure of functional integrity. Ratios of areas before and after applications of drugs and/or anoxia allowed for quantitative assessment of injury and recov ery.
Anoxia was induced by switching ambient gas to 95% N2/5% CO2 (analyzed to �I ppm O2) for 60 min, after which time 95% O2/5% CO2 was resumed. All perfusing solutions were continuously bubbled with 95% Nzl5% CO2 to reduce the amount of dissolved oxygen delivery, thus maximizing anoxia. Test solutions containing vari ous agents were applied 1 h before anoxia and continued throughout the anoxic period. Normal CSF was resumed at the time of reoxygenation, and postanoxic readings were taken 1-3 h after reoxygenation/wash. Drug effects under normoxic conditions are presented as ratios of CAP area 1 h in drug to area before drug application, in normal CSF. Recovery after anoxia (and after drug washout) is shown as the ratio of CAP area postanoxia to CAP area before anoxia and before drug application. All drugs were dissolved directly into bubbled artificial CSF, except aj maline which was first dissolved in a small amount of dimethyl sulfoxide; the final concentration of solvent never exceeded 0.2% and had no effect on control or postanoxic responses (results not shown). the times at which measurements were taken with respect to drug application and anoxia. Prajmaline bitartrate was a generous gift from Solvay Pharma Deutschland GMBH (Hannover, Germany). Tocainide HCI was a generous gift from Astra Pharma Inc. (M6Indal, Sweden). All other reagents were from Sigma (St. Louis, MO, U.S.A.).
Errors are reported as standard deviations, and statis tical significance was calculated using the unpaired (-test with pooled variance. Figure IA illustrates the timing of measurements with respect to drug application and anoxia. In nor mal artificial CSF containing 2 mM Ca2 + , anoxia caused a rapid loss of evoked CAP after 5-6 min, and reoxygenation after a standard 60-min anoxic period resulted in the recovery of 32 ± 12% (n = 69) of the original CAP area after 1 h of reoxygen ation. This degree of injury appears irreversible in this model because no further recovery was ob serv€d 2 h (30 ± 10%; n = 51) and 3 h (29 ± 10%; n = 51) postanoxia. Figure 1B (upper traces) shows representative CAPs recorded in normal CSF be fore and 1 h after a 60-min anoxic challenge. The shape of the postanoxic CAP was severely dis torted, with loss of the characteristic triphasic waveform, suggesting that propagation velocities of remaining viable axons were impaired. The lower panels show sample traces of CAPs recorded before anoxia in drug-free CSF, and in the presence of two antiarrhythmic compounds (middle column), the tertiary agent ajmaline and the permanently charged quaternary prajmaline (N-propylajmaline). The rightmost records were measured after 1 h of reox ygenation and wash in normal CSF (the perfusing solutions were switched to drug-free CSF at the time of reoxygenation). There is minimal depres sion of the preanoxic response by the antiarrhyth mics at the concentrations shown, with marked pro tection of the postanoxic CAP compared with that recorded in normal CSF alone. Although the CAP areas recovered well after anoxia in the drug treated nerves, the second and third peaks were delayed, indicating slowing of conduction of the smaller constituent axons. The quaternary prajma line was roughly 10 times more potent on a molar basis than its tertiary analog. Because prajmaline was supplied as the bitartrate salt, control experi ments with 30 f.LM sodium bitartrate were per formed and showed no protective effects (CAP area recovery 34 ± 11%, n = 4, vs. 32 ± 12% in normal CSF).
RESULTS
The effects of tocainide are illustrated in Fig. 2 , showing the progressive changes to the pre-and postanoxic responses as the concentration was in creased from 10 f.LM to 1 mM. At or below 100 f.LM,
Diagram showing timing of drug ap plication and anoxia. Rat optic nerves are dis sected and allowed to equilibrate for 60-90 min, after which control readings are taken (1). Drug was applied for 60 min and readings were re peated (2). Anoxia was maintained for 60 min and functional recovery assessed typically 1 h after reoxygenation and wash (3). B: Sample compound action potentials are shown before and after anoxia in normal CSF (upper set), in the tertiary antiarrhythmic ajmaline, or in its quaternary analog prajmaline. After 60 min in each drug and before anoxia, neither agent sig nificantly altered the responses. After anoxia (rightmost traces), the drug-treated nerves re covered the shape and magnitude of their re sponses to a much greater degree than un treated nerves.
B.
0%control there is no effect on the preanoxic CAP, and only moderate improvement in the postanoxic recovery at 100 fLM. At higher concentrations, there is pro gressively more reduction of the amplitude and a greater delay of peak latencies, reflecting the drug's Na + channel-blocking properties. In parallel, there was improved recovery of the postanoxic CAP: Both the amplitude and shape of the waveform were relatively preserved (although peak latencies re mained slightly delayed compared with control) af ter 1 h of anoxia, compared with postanoxic CAPs recorded from nerves maintained in drug-free CSF (top panel).
A bar graph showing the protective effects of these three agents in a quantitative manner is shown in 
the degree of suppression caused by each agent. All concentrations are micromolar unless otherwise indicated. Error bars are standard deviations, and asterisks indicate statistical differences in the degree of postanoxic recovery between drug treated nerves and controls maintained in normal CSF, at the p < 0. 01 (*) , p < 0.001 (**) , and p < 0.0001 (***) levels. All three agents exhibited a dose-dependent protective effect, with higher con centrations resulting in greater recovery of CAP area after anoxia, but at the expense of increasing depression of the preanoxic responses. Prajmaline was the most beneficial compound of the group, with minimal suppression of the preanoxic CAP area (91 ± 14%) and marked improvement in recov ery after anoxia (82 ± 15% vs. 32 ± 12% in normal CSF; p < 0.0001). Figure 3B shows bar graphs of four additional antiarrhythmic/local anesthetic compounds se lected for their Na + channel-blocking properties (disopyramide, procainamide, bupivacaine, and ve- Representative compound action potentials (CAPs) superimposed to illustrate the effects of increasing concen trations of tocainide, before and after anoxia. In drug-free CSF, there is severe irreversible depression of the compound action potential following anoxia (top, dashed trace). Dotted traces represent CAPs after 60 min of exposure to tocainide under normoxic conditions at the concentrations indicated. At 10 and 100 fJ-M, there is virtually no effect of tocainide on the preanoxic CAPs, and modest improvement in recovery of the postanoxic responses (dashed traces). At progressively higher tocainide concentrations, the preanoxic CAP is mod estly reduced in amplitude, and the peaks show progres sively more delay, reflecting the anesthetic effects of this agent. The shape and amplitude of the postanoxic CAPs re cover to a significantly greater degree postanoxia at higher tocainide concentrations. rapamil). Disopyramide conferred reasonably good protection at concentrations that showed little an esthetic effect: At the optimal concentration tested of 100 J.LM, the preanoxic CAP was slightly reduced to 90 ± 10% (n = 7) of control, whereas the post anoxic recovery was significantly improved at 68 ± 14% (p < 0.000 1). The local anesthetic bupivacaine had a similar profile but at lower concentrations (10-30 J.LM). As the concentration of procainamide was increased, on the other hand, no protection was observed before the preanoxic response was de pressed. Similarly, verapamil produced only mod est protection before depressing the pre anoxic CAP (e. g., at 30 J.LM).
DISCUSSION
Excessive influx of Ca2 + is a common feature of anoxic/ischemic cellular injury in CNS gray matter J Cereb Blood Flow Metab, Vol. 15, No.3, 1995 (Siesjo and Bengtsson, 1989; Choi, 1990 ) and white matter (Stys et aI., 1990b) . In CNS myelinated ax ons, which are devoid of voltage-and ligand operated Ca2+ channels, the majority of the dam aging Ca2+ influx is mediated by the Na+ -Ca2+ exchanger. This membrane countertransporter (Allen et aI. , 1989; Blaustein et aI., 199 1) is re cruited to operate in the Ca2+ import mode by membrane depolarization and a rise in intracellular [Na +]. Cellular energy failure resulting from an oxia/ischemia will impair the Na + -K + -ATPase and cause collapse of transmembrane N a + and K + gra dients. Intra-axonal [Na +] rises quickly from a baseline of �25 mM to over 100 mM after 20 min of anoxia in rat optic nerve axons (LoPachin and Stys, unpublished data). Under these conditions, the Na + -Ca2+ exchanger will import damaging quanti ties of Ca2+ (Stys et aI. , 1992b), whereas a smaller proportion of Ca2 + influx may occur directly through Na + channels, as these pores are not per fectly selective, possessing a finite permeability to Ca2+ (Hille, 1992) .
Antiarrhythmics protect by reducing Na + influx
Given the sequence of events outlined above, a reasonable protective strategy would be pharmaco logic blockade of Na + channels. This would pre vent the massive rise of intra-axonal [N a +] and also reduce any direct influx of Ca2+ . Inhibition of volt age-gated Na + channels with tetrodotoxin was highly protective in the anoxic rat optic nerve model; however, maximally protective concentra tions also completely abolished the preanoxic CAP (Stys et aI., 1992b) . Although revealing important mechanistic information about the anoxic cascade in white matter, the usefulness of such a compound in the clinical setting would be limited because of severe paralytic effects on the nervous system. The purpose of this study was to explore whether anti arrhythmic drugs used clinically might have protec tive effects against anoxic injury in central white matter. Many antiarrhythmics and local anesthetics exhibit "phasic" (or "use-dependent") block of Na + currents, i. e., the degree of block increases with the frequency of membrane depolarization (Butterworth and Strichartz, 1990 ). The precise mechanism of phasic channel block is complex and incompletely understood (for reviews, see Butter worth and Strichartz, 1990; Grant and Wendt, 1992) , but may involve the preferential binding of drug to certain conformations of the Na + channel protein, such as the open or inactivated state (Hille, 1977; Hondeghem and Katzung, 1977; Starmer et al., 1984) . Sustained depolarization of anoxic mem branes could increase the blocking effects of these FIG. 3. Bar graphs quantitatively illustrating the anesthetic and protective effects of vari ous agents. Heights of bars represent the area under the compound action potential expressed as a percentage of preanoxic con trol areas before drug application. Lightly stippled bars represent CAP areas after 1 h of drug application, before anoxia. Darker bars show the degree of CAP area recovery 1 h after anoxia/wash. Control anoxia experi ments ("none") result in the recovery of 32 ± 12% (n = 69) of CAP area after 1 h of reox ygenation. Most compounds display greater preanoxic depression at higher concentra tions, with a parallel increase in the degree of protection. Prajmaline is the most protec tive with the least depression. Bupivacaine at 100 fJ.M is almost as protective as prajmaline, but causes much greater suppression of the preanoxic CAP. Procainamide begins to de press the preanoxic CAP at 300 fJ.M with no protective effects. Different antiarrhythmics/ local anesthetics are not equivalent in their capacity to protect white matter from anoxia, and display significantly different therapeu tic indices. All values are means, and error bars represent standard deviations. The number of nerves tested at each concentration ranged between 4 and 12. As terisks indicate statistically significant differ ences from control anoxia ("none") at the p < 0.01 ('), P < 0.001 (" ), and p < 0.0001 ("' ) levels. Concentrations are in fJ.M unless oth erwise indicated. agents in those cells that are most compromised and at greatest risk for injury. Given the requirement of Na + influx through Na + channels to produce an oxic injury in white matter, the presence of a non inactivating Na + conductance in rat optic nerve and the known "phasic" block of Na + currents by these antiarrhythmics, it is reasonable to presume that these agents protect by blocking Na + influx through Na + channels in anoxic fibers. Direct proof of this hypothesis will require the measurement of intra-axonal Na + and Ca2+ levels. The physiologic improvement is probably due to axonal protection; blocking Na + influx with tetro dotoxin during anoxia greatly improved the ultra structural appearance of axonal structures, but failed to prevent changes in astrocytes and myelin (Waxman et aI., 1994) . Although Na + blockers al low significant recovery of CAP amplitude, the per sistent distortions of wave shape (e.g., Figs. 1 and disopyramide bupivacaine procainamide verapamil 2) likely reflect damage to oligodendrocytes and myelin sheaths, which appear to be injured by mechanisms that do not depend on tetrodotoxin sensitive Na + influx. This is consistent with previ ous studies showing that these cells are devoid of voltage-sensitive N a + channels (Sontheimer et aI., 1989; Barres et aI. , 1990) .
Drug-induced protection vs. depression: the "efficacy index"
The large influx of Na + during the early anoxic period in rat optic nerve axons likely occurs through Na + channels that remain (at least par tially) open, failing to completely inactivate despite strong anoxia-induced membrane depolarization (Stys, in press). The presence of such a persistent or noninactivating Na + conductance was confirmed in rat optic nerve axons both at rest and at depolar ized membrane potentials (Stys et aI., 1993) , and might be preferentially blocked by antiarrhythmic and local anesthetic drugs. Preliminary evidence for this was obtained with quaternary lidocaine deriv atives (QX-3 14 and QX-222) that preferentially block open N a + channels (Wang et aJ., 1987; Khodorov, 199 1) ; these compounds protect rat op tic nerves from anoxic injury at concentrations that have little effect on control CAPs (Stys et aJ., 1992a) . Similar results were obtained in this study with agents that are commonly used in the clinical setting. Figure 4 shows a bar graph summarizing the overall efficacy of each compound tested, taking into account the degree of suppression of the pre anoxic CAP (which may manifest as increased clin ical side effects) vis-a-vis the protective effects against anoxic injury. The ideal compound would cause no suppression (e.g., preanoxic ratio of 100% in Fig. 3) of the control CAP while completely pro tecting the nerve, allowing 100% recovery. The product of the preanoxic ratio and postanoxic re covery represents a convenient "efficacy index," with a maximal value of 1.0 for the ideal compound. Any reduction below 1.0 indicates either anesthesia or incomplete protection, or both. The efficacy in dex may identify the most clinically useful agent(s), minimizing side effects while maximizing protec tion.
Prajmaline, a permanently charged quaternary compound, was the most protective compound in these studies, with an efficacy index (El) of 0.74 at 30 )J-M. This compound interacts preferentially with open Na + channels (Khodorov and Zaborovskaya, FIG. 4. Bar graph displaying the "efficacy index" for each agent at various concentrations. The efficacy index is defined as the preanoxic response in drug multiplied by the postanoxic re covery (see Fig. 3 ). An ideal 1983; Zaborovskaya and Khodorov, 1984) , and its high index may reflect preferential block of the non inactivating Na + conductance, while leaving most rapidly-inactivating Na + channels unblocked and available for electrogenesis. Ajmaline, a tertiary an alog of prajmaline, interacts primarily with inacti vated Na + channels (Khodorov and Zaborovskaya, 1983) , and is significantly protective, but at higher concentrations with a somewhat lower index (EI = 0.62 at 100 )J-M). However, this tertiary compound becomes protonated in accordance with its pKa and the pH of the medium, and more importantly, the intracellular compartment. It has been suggested that the charged form of protonated ajmaline, like the permanently charged prajmaline, also interacts preferentially with open Na + channels (Zabo rovskaya and Khodorov, 1984) . The structurally unrelated antiarrhythmic tocainide was almost as protective as prajmaline (EI = 0.70 at 1 mM); this primary' amine has a pKa of 7,8, and exists in both neutral and protonated forms at physiologic pH. Ionizable compounds may have several advantages over their permanently charged analogs: (a) the neutral form more readily crosses the blood-brain barrier and cell membranes to gain access to its binding site on the Na + channel (Hille, 1977) , and (b) the more potent protonated form (Narahashi et aI., 1969; Strichartz, 1973) is trapped inside the cell and its concentration rises as the pH falls during anoxia/ischemia. Interestingly, other presumed open Na + blockers such as verapamil (Ragsdale et aI., 199 1) and pro-S 0 0 ::;;
S 0 0 0
.l §' l §' !!' l §' � cainamide were relatively ineffective, while bupiv acaine, an amide type local anesthetic with affinity for inactivated rather than open Na + channels (Hondeghem, 1989) , was very efficacious. Clearly, many other properties of a drug playa role in de termining how effective it will be as a protective agent. Many of these drugs also block K + channels (Khodorov and Zaborovskaya, 1983; Stole, 1988) . It is possible that greater K + channel-blocking po tency would result in a weaker anesthetic, while retaining the ability to block influx of Na + , proper ties that would result in an effective protective agent. Moreover, actions on other cellular functions may be disadvantageous. For example, verapamil also inhibits the Ca2+ -ATPase (Raess and Record, 1990) , and may block any residual Ca2 + exporting ability available during anoxia.
The results of this study indicate that antiarrhyth mic drugs can be highly protective in an in vitro model of CNS white matter anoxic injury. These findings complement previous reports showing that blockers of Na + channels, especially drugs that produce phasic block such as local anesthetics (Stys et aI., 1992a) and anticonvulsants (Fern et aI., 1993) , are protective in white matter. Na + channel blockers are also protective in gray matter models of anoxia/ischemia (Lucas et aI., 1989 ; Yamasaki et aI., 199 1) and hypoglycemia (Tasker et aI., 1992) . Other modes of Na + -dependent injury may be im portant in gray matter, such as reversal of the N a +dependent glutamate carrier. This transporter is present in neurons and glia and uses the transmem brane Na + and K + gradients to remove glutamate from the extracellular space (Nicholls and Attwell, 1990) . Reduction of the transmembrane N a + gradi ent [coupled with raised extracellular K + and mem brane depolarization, both of which occur in an oxia/ischemia (Hansen, 1985) ] will force the gluta mate carrier to operate in reverse, raising the extracellular concentration of the neurotransmitter to toxic levels (Taylor et aI., 1992) . Because a large part of anoxic/ischemic injury in white matter, and to a lesser extent in gray matter, is Na + dependent, blockade of Na + influx by drugs of the antiarrhyth mic/local anesthetic class may be protective in both tissues, at concentrations that do not interfere with electrogenesis.
In vivo studies have shown that intravenous lidocaine offered little or at best modest protection against cerebral ischemia (Gelb et aI., 1988; Evans et aI., 1989; Sutherland et aI., 1989; Rasool et aI., 1990; Dutka et at., 1992) . The benefit of local anes thetics in spinal cord injury models is likewise mod est (Ford and Maim, 1984; Kobrine et aI., 1984; Haghighi et aI., 1987) . However, very few of the many available Na + channel-blocking agents have been tested in vivo, and it appears that the degree of protection versus suppression of excitability in nor mal tissue varies widely from compound to com pound. The experiments described here may help to identify other more useful Na + channel blockers that might be better tolerated and be more protec tive against white matter damage, and possibly gray matter damage, in cerebral ischemia and spinal cord injury.
